Background--We evaluated the importance of high-density lipoprotein (HDL) functionality for target-lesion revascularization in patients treated with coronary stents using a rapid cell-free assay system to evaluate the functional capacity of HDL to accept additional cholesterol (cholesterol-uptake capacity; CUC).
I
ntracoronary stent implantation has markedly reduced the incidence of restenosis in patients with coronary artery disease compared with that of percutaneous old balloon angioplasty. 1 However, in-stent restenosis requiring targetlesion revascularization (TLR) occurs even with the use of drug-eluting stents. Emerging evidence suggests that among various potential risk factors, atherogenic progression within the neointima, that is, neoatherosclerosis (NA), is one of the major contributors to TLR, and the lipid profile is one of the key risk factors for the development of NA. [2] [3] [4] Recent animal and human studies have demonstrated the importance of high-density lipoprotein (HDL) functionality, rather than HDL-cholesterol (HDL-C) levels, in the development of de novo coronary artery disease. 5, 6 Cholesterol-efflux capacity, a measure of the ability of HDL to promote cholesterol removal from lipid-laden macrophages, 7 is inversely correlated with incidence of cardiovascular events and improves cardiovascular risk prediction beyond that using traditional coronary risk factors. [7] [8] [9] Therefore, we hypothesized that the ability of HDL to promote cholesterol removal from lipid-laden macrophages could be associated with TLR through its effect on NA progression within stents.
Recently, we developed a rapid cell-free assay system to directly evaluate the capacity of HDL to accept additional cholesterol; the measurement of the cholesterol-uptake capacity (CUC) enables HDL functionality to be readily evaluated in our daily practice. 10 Thus, in this study, we aimed to clarify the relationships among CUC, NA, and TLR using the novel cell-free assay system, CUC measurements, and optical coherence tomography (OCT).
Methods
The data that support the findings of this study are available from the corresponding author upon reasonable request.
Patient Population
The Kobe University Hospital OCT registry is a single-center registry of consecutive patients who have undergone coronary artery OCT. 11 All patients who have undergone OCT are eligible for inclusion in this registry. OCT was performed for the following reasons: (1) planned follow-up coronary angiography and OCT, which includes any case at the time of stent implantation or routine stent follow-up regardless of symptoms; (2) evidence of myocardial ischemia, such as silent myocardial ischemia, stable angina, or acute coronary syndrome. Exclusion criteria for OCT were:
(1) an anatomically unsuitable target artery for OCT, according to previously described criteria 12 ; (2) apparent congestive heart failure; (3) renal insufficiency with a baseline creatinine level of ≥2.0 mg/dL except under hemodialysis; or (4) written informed consent was not obtained from the patient.
From the OCT registry, consecutive patients were enrolled who (1) had undergone percutaneous coronary intervention for de novo coronary artery disease; (2) had been treated with bare-metal stents, sirolimus-eluting stents (Cypher; Cordis, Miami Lakes, FL), paclitaxel-eluting stents (Taxus; Boston Scientific, Natick, MA), biolimus-eluting stents (Nobori; Terumo Corporation, Tokyo, Japan), or everolimus-eluting stents (XIENCE V; Abbott Vascular, Santa Clara, CA); or (3) had successfully undergone follow-up OCT for the target stents >6 months after stenting. Exclusion criteria were as follows: (1) patients in whom the stent was implanted in the left main trunk and (2) patients whose OCT images were of insufficient quality. In the case of patients with stents implanted in ≥2 lesions, the stent that was implanted first was selected as the target stent. Patients were enrolled in the study, and CUC was measured at the time of follow-up OCT by a clinical follow-up.
The percutaneous coronary intervention procedure was performed by intravascular ultrasound (Boston Scientific Corporation; Volcano Corporation, Rancho Cordova, CA) or OCT guidance (C7 or C8 Dragonfly; St. Jude Medical, St. Paul, MN). All patients were treated with aspirin (100 mg/day) and clopidogrel (75 mg/day), ticlopidine (200 mg/day), or prasugrel (3.75 mg/day) for at least 3 months after stent implantation. This study was approved by the ethics committee of Kobe University (Kobe, Japan).
Cholesterol-Uptake Assay
CUC was measured at the time of the follow-up OCT as per our previous methods. 10 Briefly, apolipoprotein (apo) Bcontaining lipoproteins were precipitated from serum using polyethylene glycol 4000, and 1 lL of this apoB-depleted serum sample, whose apoA1 concentration was adjusted to 5 lg/mL using apoA1 in PBS, was incubated with 100 lL of 5 lmol/L of BODIPY-cholesterol (Avanti Polar Lipids, Alabaster, AL) at 37°C for 2 hours. Subsequently, the apoBdepleted serum mixture was transferred into wells of 96-well black-bottom microplates coated with an anti-apoA1 antibody (clone 1C5; Sanbio B.V., Uden, Netherlands), and plates were incubated at 25°C for 1 hour. After washing the wells 5 times with PBS, 100 lL of 20 mmol/L of cyclodextrin (SigmaAldrich, St. Louis, MO) in PBS was added to wells to enhance the fluorescence signal derived from BODIPY-cholesterol, and the plate was incubated at 25°C for 1 hour. Fluorescence intensity was measured at 535 nm with excitation at 485 nm using an Infinite 200 Pro microplate reader (Tecan, M€ annedorf, Switzerland). Intensity values were standardized using a calibration curve generated from serial dilutions of recombinant apoA1 (Sigma-Aldrich) for each microplate and adjusted by multiplying by the apoA1 concentrations in each apoB-depleted serum sample.
Clinical Perspective
What Is New?
• This is the first study that reveals the potential relation between high-density lipoprotein functionality evaluated by cholesterol-uptake capacity, neoatherosclerosis, and clinical outcome of target-lesion revascularization long term after stent implantation in human optical coherence tomography registry.
What Are the Clinical Implications?
• We believe that more-active secondary prevention will lead to improved outcomes by measuring cholesterol-uptake capacity, which identifies patients with increased risk of neoatherosclerosis and residual risk for target-lesion revascularization.
OCT Examination
The OCT procedure was performed as reported. 13 Briefly, a 0.014-inch standard guide wire was positioned distally in the target vessel, and the OCT catheter (C7 and C8 Dragonfly; St. Jude Medical) was advanced to the distal end of the target lesion. For image acquisition, blood in the lumen area was replaced with an iodine contrast medium that was continuously flushed using a power injector. The entire length of the region of interest was scanned using the integrated automated pullback device at 20 mm/s.
OCT Analysis
Offline OCT analysis was performed using dedicated software (Light Lab Imaging Inc, Westford, MA). All images were analyzed at every frame in the stents by 2 independent investigators, who were blinded to the angiographic and clinical findings. NA was defined as a neointima containing a diffuse border and a signal-poor region, with the struts underneath invisible because of the marked signal attenuation ( Figure 1A ). 4, 14, 15 To quantify the circumferential extent of NA, the lipid-core arc was measured at a 0.2-mm interval throughout the segments showing NA. The mean lipid-core arc was calculated for each lesion, and the lipid index was computed by multiplying the mean lipid-core arc by the lipidcore longitudinal length. 16 Thin-cap fibroatheroma-like neointima was defined as a neointima characterized by a fibrous cap thickness at the thinnest part of <65 lm and an angle of lipid-laden neointima of >180 degrees ( Figure 1B ). 4, 14 Macrophage accumulation sites were defined as confluent or punctate highly backscattering focal regions in the artery wall ( Figure 1C ). 17 Macrophage grading was also performed to quantify the extent of macrophage accumulation based on the axial and circumferential distribution. In OCT images showing NA, the macrophage arc was measured at 0. 17 In-stent thrombus was defined as a mass protruding beyond the stent strut into the lumen, with marked attenuation behind the mass (Figure 2A ). 18 A peri-strut low-intensity area was defined as a neointima containing a region around stent struts displaying a homogeneous lower-intensity appearance relative to the surrounding tissue without notable signal attenuation behind the area in at least 1 cross-section ( Figure 2B ). 19 The vasa vasorum was defined as welldelineated low-backscattering structures, <200 lm in diameter, showing a trajectory within the vessel ( Figure 2C ). 20 
Outcome Variables and Definitions
Clinical outcome data (median duration between stent implantation and clinical follow-up, 42.3 months) were obtained by reviewing outpatient records or telephone interviews for death, myocardial infarction, and TLR. The primary outcome was ischemia-driven TLR during the followup period. All deaths were considered cardiac related unless unequivocal noncardiac enzyme involvement could be established. Myocardial infarction was considered in cases where the cardiac enzyme levels (troponin or myocardial band fraction of creatine kinase) were greater than the upper limit of the normal value. All events were carefully verified and adjudicated by independent clinicians. independent predictors of the presence of NA and TLR. Age, sex, and the variables achieving a P<0.05 in above tests were entered in the uni-and multivariate analysis to determine the independent risk factor for NA and TLR. Survival curves were constructed using Kaplan-Meier estimates and compared using the log-rank test. Odds ratio and 95% CIs were calculated using the logistic regression model. The highsensitivity C-reactive protein (hsCRP) value was multiplied by 100 before the logistic regression analysis. A receiver operating characteristic curve analysis was performed to determine the predictability (sensitivity and specificity) of the presence of NA from CUC level.
Statistical Analysis

Results
Patient and Lesion Characteristics
Five-hundred two patients (613 lesions) who were enrolled into the OCT registry between April 2011 and January 2017 were screened. Among them, 249 patients who met the inclusion criteria were identified as candidates for this study. Next, 42 of the 249 patients were excluded based on (1) implantation of the stent in the left main trunk (n=27) and (2) an insufficient quality of the OCT images (n=15). Finally, 207 consecutive patients (207 lesions) were enrolled, and their Figure 3 ). In most of the NA + group patients, NA was identified at the late phase (after 1 year but within 3 years; n=13) and at the very late phase (beyond 3 years; n=21), but NA was detected in 3 patients at the early phase (<1 year). Incidence of TLR was significantly higher in the NA + group than in the NA À group (Figure 4 ). With regard to patient characteristics (Table 1) , the duration between stent implantation and follow-up OCT was significantly longer in the NA + group than in the NA À group. hsCRP levels at baseline, and the hsCRP and low-density lipoprotein-cholesterol (LDL-C) levels at follow-up OCT were significantly higher in the NA showed no other statistically significant differences in baseline patient and lesion characteristics. In terms of OCT findings (Table 2) , the minimum lumen and stent areas did not differ significantly between groups. However, the macrophage accumulation was significantly higher in the NA + group than in the NA À group. Other qualitative OCT findings, such as the detection of a thin-cap fibroatheroma, thrombus, peri-strut low-intensity area, and vasa vasorum, were not significantly different between the 2 groups.
Clinical Risk Factors for NA
All patient and lesion characteristics were analyzed using uniand multivariate logistic regression analyses to clarify the risk factors for NA (Table 3) . A univariate analysis revealed that the duration between stent implantation and follow-up OCT, hsCRP, and LDL-C levels at follow-up OCT were positively associated with NA, whereas CUC was negatively associated with NA. Moreover, a multivariate logistic regression analysis showed that increased hsCRP levels at follow-up OCT, LDL-C levels at follow-up OCT, and decreased CUC were independently associated with NA (Table 3) . Based on the receiver operating characteristic curve analysis, the optimal cut-off value of CUC for the presence of NA was 20.89 arbitrary units, with a sensitivity of 81.1% and a specificity of 70.0% (area under the curve, 0.784; 95% CI, 0.710-0.859; Figure 5 ).
Relationships Among CUC, NA, and TLR CUC was lower in patients who suffered from TLR (n=27) than in patients who did not (n=180; TLR + versus TLR À : 19.8AE4.34 Values are presented as meansAESD or absolute numbers (%). ACE-I indicates angiotensin-converting enzyme inhibitor; ARB, angiotensin II receptor blocker; A.U., arbitrary units; CUC, cholesterol-uptake capacity; EPA, eicosapentaenoic acid; HDL-C, high-density lipoprotein cholesterol; hsCRP, high-sensitivity C-reactive protein; LDL-C, low-density lipoprotein cholesterol; NA, neoatherosclerosis; OCT, optical coherence tomography. A univariate analysis revealed that the duration between stent implantation and follow-up OCT and bare-metal stent use was positively associated with TLR and that increased CUC was negatively associated with TLR. A multivariate logistic regression analysis showed that CUC and bare-metal stent use were independently associated with TLR (Table 4) . With respect to OCT findings, a univariate analysis revealed that the presence of NA was positively associated with TLR. A multivariate logistic regression analysis showed that the presence of NA was the only finding independently associated with TLR (Table 5) . Furthermore, the CUC exhibited significant negative associations with the lipid index and the macrophage grade in patients presenting NA ( Figure 6 ).
Subgroup Analysis of Patients Treated With Drug-Eluting Stents
We conducted a subgroup analysis of patients treated with drug-eluting stents (n=179, NA + : n=30, NA À : n=149) by excluding patients treated with bare-metal stents (n=28). In this subgroup, the duration between stent implantation and follow-up OCT was significantly longer in the NA + group than in the NA À group. hsCRP levels at follow-up OCT were significantly higher in the NA + group than in the NA À group.
CUC at follow-up OCT was significantly lower in the NA + group than in the NA À group (Table S1 ). In terms of OCT findings, macrophage accumulation was significantly higher in the NA + group than in the NA À group (Table S2) . A univariate analysis revealed that the duration between stent implantation and follow-up OCT, hsCRP were positively associated with NA, whereas CUC was negatively associated with NA. A multivariate logistic regression analysis showed that duration between stent implantation and follow-up OCT, increased hsCRP, and decreased CUC was independently associated with NA (Table S3) . Additionally, decreased CUC and the presence of NA were independently associated with TLR (TLR + : n=18, TLR À : n=161) in this subgroup (Tables S4   and S5 ).
Subgroup Analysis for Cases With Matched Follow-up Durations
To adjust follow-up duration between the NA + and NA -groups, we conducted a subgroup analysis of patients whose Tables S6 and S7 ). Furthermore, increased hsCRP levels and decreased CUC were independent risk factors for NA (Table S8) . Additionally, decreased CUC and the presence of NA were independently associated with TLR (TLR + : n=8, TLR À : n=89) in this subgroup (Tables S9 and S10) .
Discussion
Numerous epidemiological studies have shown that a decreased HDL-C level is a key risk factor for coronary artery disease. [21] [22] [23] However, previous randomized studies have failed to demonstrate the clinical efficacy of increasing plasma HDL-C concentrations to reduce cardiovascular events. 24 Recently, the importance of HDL functionality has become increasingly clear, particularly for development of coronary artery disease. However, no study to date has specifically evaluated the relationship between HDL-C and instent NA, although HDL-C is an ideal agent for prevention of the initiation and progression of in-stent NA because of to its atheroprotective effects through its ability to efflux cholesterol from plaque macrophages, inhibit low-density lipoprotein oxidation, reduce expression of cell adhesion molecules, suppress chemokine expression, and reduce monocyte infiltration. 25, 26 Our study, for the first time, reveals the potential relation between HDL functionality and NA in human longterm OCT analysis. In addition, we demonstrated the relation between not only CUC and NA, but also between CUC and clinical outcome of TLR long term after stent implantation in a large-scale OCT registry. Several key findings were obtained. (bare-metal stents or drug-eluting stents) and follow-up duration. HDL has various cardioprotective functions; for example, HDL mediates reverse cholesterol transport and exerts antiinflammatory and -oxidative effects. 27, 28 Reverse cholesterol transport by cholesterol efflux from macrophages is regarded as one of the primary HDL functions that protects against atherosclerosis. The current standard index for assessing HDL functionality is cholesterol-efflux capacity, which is inversely related to incidence of cardiovascular events in population-based studies. 7, 8 It improves the prediction of cardiovascular disease risk beyond that using conventional risk factors. 9 So, as an alternative, we have developed the CUC assay, a novel plate-assay system for assessing the CUC of HDL without using radioisotopes or cells. A recent validation study demonstrated the high reproducibility (coefficient of variation, 0.3-7.0%) and short processing time (<6 hour) of the assay as well as a significant correlation with the cholesterol-efflux capacity using apoB-depleted serum from human serum samples (n=30; r 2 =0.47; P<0.001).
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Therefore, we propose that CUC can serve as a useful alternative functional index for evaluating the capacity of HDL to accept additional cholesterol.
In this study, we demonstrated that a decreased CUC is an independent risk factor for NA and TLR after stent implantation. Moreover, CUC remained statistically significant in a multivariate analysis, suggesting that the functional evaluation of HDL is important for risk stratification of patients treated with coronary stents. Although drug-eluting stents markedly reduce the incidence of mid-term TLR, in-stent restenosis requiring TLR still occurs and remains an issue, particularly during the long-term follow-up of patients treated with coronary stents. Based on a recent postmortem study, one of the primary mechanisms underlying this adverse clinical event is NA progression within the neointima. Recently, highresolution OCT imaging has enabled the in vivo detection of NA. We have demonstrated that presence of OCT-detected NA is a significant risk factor for TLR occurrence and major adverse cardiac events during a mean follow-up of 4.24AE2.31 years after stenting. 3 Consistent with these previous findings, the results of this study showed that presence of NA is significantly associated with an increased incidence of TLR. Moreover, we found that in addition to increased LDL-C and hsCRP levels, a decreased CUC was positively and independently associated with presence of NA. Although the detailed mechanisms are unclear, we believe that the reverse cholesterol transport mediated by HDL by cholesterol efflux from macrophages plays a central role in the relationships among decreased CUC, NA, and TLR. LDL-C accumulation in the arterial wall is generally regarded as the initial step of atherosclerosis. The positive association between an increased LDL-C and lipid index observed here are in accord with this view. Accumulated LDL-C is then oxidized, which promotes the differentiation of monocytes into macrophages, and the macrophages take up the modified LDL-C using scavenger receptors, followed by transformation into lipid-filled foam cells, a hallmark of the initial stage of atherosclerosis. Conversely, HDL opposes this process by removing excess lipids from macrophages. 5, 29, 30 Therefore, when HDL function declines, accumulation of foam cells proceeds, which can be detected by OCT. Accordingly, a significant negative relationship was detected between longitudinal extent of NA (assessed using the lipid index) and CUC. Moreover, a detailed OCT examination revealed a significant negative association between CUC and macrophage grade. Recent studies reported that removal of cholesterol from the plasma membrane by HDL might modulate the proinflammatory properties of macrophages. Furthermore, it has been reported that lipid rafts are cholesterol-rich membrane microdomains and function as platforms for signal transduction, so disorganization of lipid rafts on macrophages can lead to attenuation of their inflammatory activation. 31,32 Therefore, we currently consider that dysfunction of cholesterol efflux from macrophage caused by impaired HDL functionality leads to weakening of the anti-inflammatory effect and contributes to occurrence of NA in patients treated with coronary stents. Unfortunately, we cannot find the improvement method of HDL functionality yet, and it is one of the important future aims of our study. However, our results extend these previous findings to patients treated with coronary stents and suggest that decreased CUC could affect atherosclerotic progression within the neointima. Furthermore, we can measure CUC in a relatively short time, leading to the discovery of patients with the risk of occurrence of NA and residual risk for TLR. We believe that more-active secondary prevention will lead to improved outcomes. Our study had various limitations. First, this was a singlecenter, nonrandomized study with a limited sample size. Thus, a potential risk of patient-selection bias exists. Especially, potential impact of age and sex on our results remain uncertain. Although we performed a multivariate analysis, there was insufficient power to detect independent predictors for TLR owing to the limited sample size. Thus, we performed a receiver operating characteristic curve analysis to determine the predictability of the presence of NA based on CUC. Additionally, we performed a subgroup analysis to exclude the impact of bare-metal stents and the difference in follow-up duration. We found consistent associations among a decreased CUC, NA, and TLR, even in these subgroups. Second, we excluded patients for whom OCT examination was performed <6 months after stenting owing to insufficient neointimal proliferation for assessing atherogenic changes at this early stage. Therefore, our data were limited to evaluation of the association between CUC and OCT findings in the midto-late phase after stenting (>6 months). Moreover, because it takes a certain period of time from stent implantation to NA occurrence, 33 it is difficult to confirm that the patients in the NA À arm by early-phase OCT could have been diagnosed if the follow-up OCT was done at a later time. Third, we did not validate the OCT findings with histological findings; therefore, the regions identified as NA were not confirmed to contain atherosclerotic changes and to be within the neointima. However, because previous pathological studies have clearly demonstrated that OCT exhibits high diagnostic accuracy for detection of lipidic components, 2 we believe that our findings provide valuable information. Fourth, given that this is an experimental observational study, it is difficult to identify the underlying mechanisms of four findings. Further study is required to elucidate the underlying mechanisms of our findings. Finally, although we found a significant relation among CUC, NA, and TLR, we still do not know whether CUC truly regulates TLR. A prospective, randomized study is warranted to see whether improving CUC can truly reduce TLR.
In conclusion, impaired HDL functionality, which promotes cholesterol efflux from macrophages, evaluated based on a decreased CUC, was independently associated with NA and TLR. A larger-scale, prospective, randomized study is warranted to further clarify whether improving CUC can truly regulate TLR. Also, identification of the underlying mechanism of these associations is warranted.
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